The effects of start and finish cooling temperatures on microstructure and mechanical properties of low-carbon high-strength and low-yield ratio bainitic steels were investigated in this study. Four kinds of low-carbon high-strength and low-yield ratio bainitic steels were fabricated by varying the start and finish cooling temperatures and cooling rates, and their microstructure and mechanical properties such as tensile and Charpy impact properties were measured. In the steels cooled down from the high start cooling temperature above Ar 1 [978 K (705°C)], the volume fraction of acicular ferrite is lower than in the steels cooled down from the low start cooling temperature below Ar 1 [978 K (705°C)]. The finish cooling temperatures and cooling rates affect the formation of bainitic ferrite, granular bainite, and martensite-austenite (MA) constituents. According to the correlation between microstructure and mechanical properties, the tensile strength increases with increasing the volume fractions of bainitic ferrite and MA constituents, whereas the elongation decreases. The yield ratio decreases as the volume fraction of MA constituents increases. Charpy impact absorbed energy is proportional to the volume fraction of acicular ferrite, and is inversely proportional to the volume fraction of granular bainite.
I. INTRODUCTION
NOWADAYS natural resources are depleted seriously by fast increasing industrialization like active oil drilling, even in extremely cold areas. Structural steels require improved mechanical properties such as strength, ductility, and toughness, as industries demanding structural steels have developed rapidly. Development demands for new advanced steels, which can meet with the requirements of environmental friendliness and excellent mechanical properties simultaneously, have been emphasized. In order to achieve these requirements, studies on improving functionality by materializing many properties obtained from various microstructural combinations have been actively conducted. [1, 2] For example, thick plates of high-strength high-toughness steels having bainitic and martensitic microstructures are positively utilized in large-scale constructions of pipelines, buildings, bridges, industrial plants, and ships. [3] The addition of alloying elements into these steel plates is a simple way to obtain the bainitic and martensitic microstructures, but can easily lead to the abrupt deterioration of ductility and toughness as well as weldability and corrosion resistance. [4, 5] Conventional alloying methods usually pose the problem of deteriorating toughness while the strength is improved. However, efforts have been made to come up with a favorable combination of high strength and toughness by promoting fine bainitic microstructures at rapid cooling rates. [6, 7] For better formation of these microstructures, it is necessary to control and stabilize the austenite during cooling.
One of the widely used conventional rolling and cooling processes is a thermo-mechanical control process (TMCP) . The grain refinement effect is sufficiently achieved by the controlled rolling process at high temperatures, and low-temperature transformation microstructures are formed by the accelerated cooling process. [8, 9] It was recently reported in the Nippon Steel Corporation that the formation of fine acicular ferrite (AF) instead of bainite was promoted by the slow cooling after the controlled rolling process using a mild accelerated cooling process. [10] The Japan Fe Engineering (JFE) steel company developed a heat-treat online process to obtain dual-phase microstructures composed of bainite and martensite-austenite (MA) constituents. [11] Hu et al. [12] controlled the cooling conditions to generate various microstructures including precipitations such as nanoscale TiC particles in the dual-phase steels. Colla et al. [13] predicted the mechanical and microstructural features in the various cooling rates after intercritical annealing for the dual-phase steels.
In cooling condition, as the finish cooling temperature during rolling of bainitic steels decreases, the yield strength tends to increase because of the grain refinement effect and the increased volume fraction of lowtemperature transformation microstructures. The yield strength is reduced while the tensile strength increases, however, when the finish cooling temperature decreases further below a certain temperature. This is closely related with the volume fraction of secondary phases such as MA constituents. [14] When the cooling rate increases, the grain size decreases overall, and the volume fraction of bainitic ferrite increases, which leads to the higher strength and the lower ductility and toughness. [15] Since the optimization of various cooling conditions can successfully produce high-strength hightoughness steel plates having bainitic microstructures, it is necessary to systematically investigate effects of cooling conditions on microstructures and mechanical properties.
In the present study, low-carbon high-strength bainitic steel plates were fabricated by varying start and finish cooling temperatures, and their tensile and Charpy impact properties were investigated. Effective grain sizes of various microstructures were analyzed by electron backscatter diffraction (EBSD) method to identify factors affecting fracture properties. Based on these results, the microstructural evolution due to variations in cooling conditions was understood, and the correlation between microstructural factors and mechanical properties was examined.
II. EXPERIMENTAL
A low-carbon high-strength bainitic steel whose chemical composition was (0.04 to 0.05)C-0.25Si-1.9Mn-0.5Ni-0.2Cr-0.25Mo-0.04Nb-0.04V-0.015Ti-0.03 Al-0.001B (wt pct) was fabricated by a vacuum induction melting method. Four steel plates were fabricated by different cooling conditions, as shown in Figure 1 . After austenitizing at 1423 K (1150°C) for 1 hour, rolling was started at about 1353 K (1080°C) and finished in the austenite region above Ar 3 [1123 K (850°C) ]. An overall grain refinement effect was expected by rolling with a high rolling reduction ratio (88 pct) in the non-recrystallized region of austenite, [5] and the plate thickness was reduced from 100 to 12 mm. The rolled plates were air-cooled to the start cooling temperature of 1013 K (740°C) above Ar 1 [978 K (705°C)] to make more retained austenite (RA) or 823 K (550°C) to stabilize ferrite, and then were watercooled from this temperature to 573 K (300°C) or room temperature at a cooling rate of 25 K/s. For convenience, the steels with start cooling temperature of 1013 K (740°C) and finish cooling temperature of 573 K and 823 K (300°C and 550°C) are identified as ''H3'' and ''H6,'' respectively, and the steels having start cooling temperature of 823 K (550°C) and finish cooling temperature of room temperature and 573 K (300°C) are identified as ''L0'' and ''L3,'' respectively.
The longitudinal-transverse (L-T) plane of the steels was polished and etched with a 2 pct nital solution, and microstructures were observed by an optical microscope and a scanning electron microscope (SEM, model; S-4300E, Hitachi, Tokyo, Japan). Volume fractions of either phases or microstructural constituents were measured on SEM micrographs by an image analyzer. EBSD analysis (resolution: 0.2 lm) was conducted by a field emission scanning electron microscope (FE-SEM, model: S-4300SE, Hitachi, Japan). [16] The data were then interpreted by orientation imaging microscopy (OIM) analysis software provided by TexSEM Laboratories, Inc.
Tensile and Charpy impact specimens were collected from the 1/2 thickness location of the rolled plate. Round tensile specimens having a gage diameter of 6 mm and a gage length of 30 mm were prepared in the transverse direction, and were tested at room temperature at a strain rate of 3 9 10 À3 s À1 by a universal testing machine (model: Instron 5582, Instron, Canton, MA, USA) with 100 kN capacity. Tensile tests were conducted three times at least for each test condition, and the data were averaged. Standard Charpy V-notch specimens (size: 10 9 10 9 55 mm, orientation: transverse-longitudinal (T-L)) were tested in the temperature range from 77 K to 298 K (À196°C to 25°C) by a Tinius Olsen impact tester (model: FAHC-J-500-01, JT Toshi, Tokyo, Japan) of 500 J capacity.
III. RESULTS
A. Microstructure SEM micrographs of the four bainitic steels (H3, H6, L0, and L3 steels) are shown in Figures 2(a) through (d) . All the steels are basically composed of AF, granular bainite (GB), bainitic ferrite (BF), and MA constituents. [6, [17] [18] [19] These microstructural constituents are marked in the SEM micrographs, and their approximate volume fractions were measured, as provided in Table I . In terms of shapes and characteristics of microstructures, AF is generally characterized by irregular shape, fine grain size, and arbitrary directional alignment. [17, 18] GB is an equiaxed microstructure, and contains islandtype MA constituents. [19] BF is identified differently by researchers, [6, 19] depending on the presence or distribution of secondary phases such as MA, RA, and cementite. [18] Each microstructure is classified by these morphological categories.
Since the differentiation between bainitic microstructures (BF, AF, and GB) and MA was difficult in SEM micrographs, the steels were etched in a LePera solution. [20] Optical micrographs of the H3, H6, L0, and L3 steels etched in a LePera solution are shown in Table I , respectively, and the brown-colored areas indicate bainitic microstructures of AF, BF, and GB.
All the steels are composed mostly of AF, together with small amounts of GB, BF, and MA, as shown in Table I . The H3 steel contains about 70 vol pct of AF, together with 20 vol pct of BF and 10 vol pct of GB. In the H6 steel, a considerable amount of GBs is formed, whereas BF volume fraction is relatively low. The volume fractions of microstructures of the L0 steel are similar to those of the H3 steel. In the L3 steel, a considerable amount of AFs, which is 1.5 times larger amount than those of the H6 steel in the high start and finish cooling temperature conditions, is formed. The size of MA is largest in the H6 steel whose volume fraction of MA is highest, and others are similar in the ranges of 1.7 to 1.9 lm.
The EBSD analysis data are shown in Figures 4(a) through (d). Inverse pole figure (IPF) maps in Figures 4(a)
and (c) can be represented in different colors, depending on the orientation of each point. The boundaries between grains having different orientations of 15 deg or higher are high-angle grain boundaries, and these grains are generally considered to be effective grains. [21] Image quality maps in Figures 4(b) and (d) show the high-angle grain boundaries (yellow lines). The effective grain size results are listed in Table I . The L3 steel has the smallest effective grain size (10.4 lm) because of the lowest volume fractions of GB and MA. In contrast, the H6 steel shows the largest effective grain size (15.5 lm) because of the highest volume fractions of GB and MA. Figure 5 shows room-temperature stress-strain curves, and tensile properties obtained from them are listed in Table II . All the steels show the continuous yielding behavior, and their yield strength, ultimate tensile strength, elongation, and yield ratio are present in the ranges of 600 to 800 MPa, 850 to 950 MPa, 13 to 18 pct, and 0.7 to 0.8, respectively. The yield and tensile strengths of the H3, L0, and L3 steels are higher than those of the H6 steel because the volume fraction of BF is higher in the H3, L0, and L3 steels than in the H6 steel. The L0 and L3 steels whose start cooling temperature is 823 K (550°C) have the similar strengths, but in cases of the H3 and H6 steels whose start cooling temperature is 1013 K (740°C), the H3 steels whose finish cooling temperature is 573 K (300°C) have higher strengths than the H6 steel having finish cooling temperature of 823 K (550°C).
B. Tensile and Charpy Impact Properties
Figures 6(a) through (d) show the Charpy absorbed energy as a function of test temperatures, from which the Charpy absorbed energies at room temperature and 173 K (À100°C) were obtained as listed in Table II . The Charpy absorbed energies of all the steels at room temperature are higher than 210 J, but those of the L0 and L3 steels having the low start cooling temperature tend to be slightly higher than those of the H3 and H6 steels having the high start cooling temperature. The [20] Charpy absorbed energy at 173 K (À100°C) is highest in the L3 steel having the low start cooling temperature and the high finish cooling temperature, and increases in the order of the L3, H3, L0, and H6 steels. Large amount of data scatter is obtained, because temperature at 173 K (À100°C) is in the range of ductile brittle transition region. [22] IV. DISCUSSION
A. Microstructure
The microstructure of bainitic steels form in order of AF, GB, BF, MA under continuous cooling processes, and cooling conditions such as start and finish cooling temperatures change their volume fractions and grain sizes. [5] A large amount of austenite transforms to GB or BF or MA at the high start cooling temperature above Ar 1 . On the contrary, a small amount of austenite transforms to GB or BF or MA at the low start cooling temperature below Ar 1 , because of stable transformation of ferrite. In this study, austenite maintains stability until the temperature drops below A r1 , because of the addition of austenite stabilizing elements such as C, Mn, and Ni.
The formation of a banitic microstructure is affected by the addition of elements and cooling processes. According to the studies of Kirkaldy and Venugopalan, [23] Andrew, [24] and Kung and Raymond, [25] the bainite start (B s ) temperature and martensite start (M s ) temperature can be using the following two equations The B s and M s temperatures of the low-carbon highstrength steels used in this study are calculated at 864 K and 720 K (591°C and 447°C), respectively. In the H3 steel having the start cooling temperature of 1013 K (740°C) and the finish cooling temperature of 573 K (300°C), a small amount of AF formed because of the high start cooling temperature above Ar 1 , and a large amount of BF and MA formed because of the low finish cooling temperature below the B s and M s temperatures and the high driving force of bainite nucleation. In the H6 steel having the start cooling temperature of 1013 K (740°C) and the finish cooling temperature of 823 K (550°C), however, the volume fraction of BF is low and the volume fraction of GB is high due to the high finish cooling temperature. The lath-type BFs are formed at high cooling rates by the shear transformation, whereas GBs with large grain sizes are formed under low cooling rates by the atomic diffusion as well as the shear transformation. [26] The H6 steel has the high volume fraction of GB because of the low cooling rate at 823 K (550°C) near the B s temperature.
In the L0 and L3 steels, a large amount of prior austenite transforms to ferrite because of the low start cooling temperature below Ar 1 . Hence, the L0 and L3 steels have the high volume fraction of AF. The residual austenite in the L0 steel transforms to BF or GB or MA by the rapid cooling rate of 25 K/s from 823 K (550°C) to room temperature. In the L3 steel, however, the residual austenite does not fully transform to BF or GB or MA because of the slow cooling rate of 0.1 K/s from 573 K (300°C) to room temperature, so that a small amount of residual austenite transforms to AF. Therefore, the L3 steel has higher volume fraction of AF than the L0 steel. The L3 steel undergoes a relatively short cooling interval from 823 K to 573 K (550°C to 300°C), and has lower volume fraction of BF than the L0 steel. The transformation temperatures of GB and AF are similar, so that the nucleation of AF and GB mainly depend on the driving force of ferrite formation by the supercooling. [27] Therefore, the driving force of ferrite formation increases as the degree of supercooling increases. The nucleation sites of GB are mostly prior austenite grain boundaries. On the other hand, the nucleation sites of AF are interior dislocations in prior austenite grains. [6] It is well known that MA is mainly generated at rapid cooling rates and low finish cooling temperatures. [6, 18, 19] The H6 steel, however, has the high volume fraction of MA in spite of the high finish cooling temperature of 823 K (550°C) . In order to analyze the reasons, the sizes and volume fractions of MAs in the steels were measured and listed in Table I . The sizes and volume fractions of MAs in the H3, L0, and L3 steels are similar, while the size and volume fraction of MA in the H6 steel are coarser and higher than those of the other steels. In the H6 steel, a small amount of prior austenite transformed to bainite by the high finish cooling temperature, in which the coarse residual austenite remained and enriched with carbon atoms by the diffusion. Then the coarse residual austenite transformed to coarse MA during the continuous cooling process. In the H3 steel, however, prior austenite transformed to BF because of the high driving force of bainite formation by the high degree of supercooling, so that the size and volume fraction of MA are finer and lower than in the H6 steel.
B. Correlation Between Microstructure and Mechanical Properties
It is well known that the tensile strength and elongation of high-strength bainitic steels are affected by the volume fractions of BF and MA. [6, 28] The tensile strength increases with increasing the volume fractions of BF and MA, while the elongation decreases which is generally consistent with the results presented in Table I and II. The yield ratio is also affected by microstructural factors, especially the volume fraction of MA. Figure 7 shows that the yield ratio decreases linearly with increasing the volume fraction of MA. In general, the steels having the high volume fraction of MA show low yield ratio. [29] A lot of dislocations nucleate near grain boundaries between MA and ferrite during deformations. [1, 19] These dislocations decrease the yield strength of the material because they can move easily as mobile dislocations at the early state of deformation, and they increase tensile strength as entangled dislocations increase during the deformation. However, the microstructural factors such as volume fractions of phases and the size distribution of hard phases should be investigated to understand yield ratio more accurately, because yield ratio is affected by the dislocation densities as well as distribution of MA. [30, 31] Swift [32] and Hollomon [33] expressed the yield ratio obtained from tensile tests as a function of proprietary material constants, [34] and explained the microstructural requirements for low yield ratio as follows:
where b refers to material constant, e y to elongation at the time of yielding, and N to strain hardening exponent, among which b and N are controllable variables to decrease the yield ratio. Kim et al. [31] quantified the degree of strain hardening already present inside the material before plastic deformation, i.e., the material constant (b) which is a function of interior dislocation density, in terms of the following equation using volume fractions of microstructures:
where a i refers to proprietary constant of microstructure, X i to volume fraction of microstructure, k to constant related with size and distribution of MA, a M to proprietary constant of MA, and X M to volume fraction of secondary phases. From the reference, a AF is 0.015, a GB is 0.008, a BF is 0.003, and a M or MA is 0.0003. [34] The value of k increases as secondary phases become finer and more homogeneously dispersed. In the present steels, k is determined to be 50 to 90, because fine secondary phases are homogeneously dispersed. [34] The value of b is obtained by substituting microstructural parameters of Table II into Eq. [4] , and N is obtained from true stress-true strain curves. From the Eq. [4] , b values of the H3, H6, L0, and L3 steels are 3.86 9 10 À4 , 4.41 9 10 À4 , 6.60 9 10 À4 , and 1.11 9 10 À3 , respectively. From the true stress-true strain curves, N values of the H3, H6, L0, and L3 steels are 0.086, 0.110, 0.084, and 0.083, respectively. These b and N values are substituted into Eq. [3] to calculate yield ratios. These calculated yield ratios are compared with the experimentally measured yield ratios, and the results are shown in Figure 8 . It can be confirmed from this figure that the calculated yield ratios are well matched with the measured yield ratios. According to the preceding equations, in order to decrease the yield ratio of highstrength banitic steels, it is necessary to decrease the material constant (b) by reducing the volume fraction of hard secondary phases, or to increase the strain hardening exponent (N) by reducing the dislocation density. The material constant decreases with increasing the mobile dislocation density during the deformation. Kim et al. [34] reported that the increase of MA tends to reduce the yield ratio of the high-strength pipeline steels composed of acicular ferrite, bainite, and MA, because lots of mobile dislocations are generated between MA and acicular ferrite. It is necessary to optimize the size of MA as well as the volume fraction of MA to decrease the yield ratio because the low-temperature toughness decreases with increasing size and volume fraction of MA. In the present steels, the yield ratio is relatively low (or equal to 82 pct) and the Charpy impact energy at 173 K (À100°C) is high (over than 150 J), because 3 vol pct of MAs are homogeneously distributed and their sizes are fine with the exception of H6 (about 1.7 lm). Figure 9 shows the correlation between the volume fraction of AF and Charpy impact absorbed energy at room temperature. Charpy impact absorbed energy increases as the volume fraction of AF increases. The Charpy impact absorbed energy of the H3 steel is low in spite of the high volume fraction of AF, because of the high volume fraction of MA. The low-temperature impact toughness is affected by the volume fractions of phases and the effective grain size. [35] In the steels composed of bainitic microstructure, it is well known that the low-temperature impact toughness enhances with increasing the volume fraction of AF due to the fine effective grain size. [36] On the contrary, the low-temperature impact toughness reduces with increasing the volume fraction of GB due to the coarse effective grain size. [35] Figures 10(a) and (b) show the cross sections of the Charpy impact specimens fractured at 77 K (À196°C), in which the cleavage crack propagation paths are shown. The L3 steel having the high volume fraction of AF and the fine effective grain size of 10.4 lm has the short cleavage crack propagation path of 2 to 5 lm. In the H6 steel, however, the cleavage crack propagation path is long due to the high volume fraction of GB and the coarse effective grain size of 15.5 lm.
Many researchers have reported that MA mainly forms at the low finish cooling temperature below M s temperature. [6, 18, 19] In this study, however, the H6 steel has the high volume fraction of coarse MA in spite of the high finish cooling temperature above M s temperature. It is because the H6 steel cooled down from the high start cooling temperature above A r1 at the rapid cooling rate of 25 K/s, so that residual austenitesenriched carbon atoms in the H6 steel transform to coarse MA during the continuous cooling process. The microstructural factors such as volume fractions of phases, size distribution of MA, and effective grain sizes have an influence on tensile and Charpy impact properties. The steels having lots of AF and fine MA were manufactured by the low start and finish cooling temperature, and had high tensile strength, high Charpy impact toughness, and low yield ratio because of the fine effective grain size and evenly distributed MA. The results can be utilized for the development of lowcarbon bainitic steels having high strength, high impact toughness, and low yield ratio. It is necessary to develop low-carbon high-strength and low-yield ratio bainitic steels, and to investigate the correlation between microstructure and mechanical properties for the application of large-scale constructions of pipelines, buildings, bridges, industrial plants, and ships.
V. CONCLUSIONS
In this study, four low-carbon high-strength and lowyield ratio bainitic steels were fabricated by varying start and finish cooling temperatures and cooling rates, and their microstructures were analyzed to investigate effects of cooling conditions on tensile and Charpy impact properties.
1. In the H steels cooled down from the high start cooling temperature above Ar 1 , lots of residual austenite transformed to bainitic microstructure such as BF and GB during the continuous cooling process. The residual austenite transformed to BF in the steels cooled down to the low finish cooling temperature below the M s temperature, whereas coarse GB and MA form in the steel cooled down to the high finish cooling temperature above the M s temperature. 2. In the L steels cooled down from the low start cooling temperature below A r1 , lots of AF forms during the continuous cooling process. The residual austenite transform to BF and fine MA because of the rapid cooling rate until the B s temperature. 3. All the steels show continuous yield behaviors during the tensile tests, and have low yield ratios of 0.73 to 0.82 or leave as 0.8 but state the exception of H6 steel because of the high volume fractions of MA. The calculated yield ratio as well as the measured yield ratio decreases as the volume fraction of MA increases. The tensile strength increases with increasing the volume fractions of BF and MA, whereas the elongation decreases. 4. The Charpy impact absorbed energy at low temperature increases as the effective grain size decreases. The cleavage crack propagation of the L3 steel having the high volume fraction of AF and the fine effective grain size 10.4 lm is bent quickly, and thus the unit crack path of 2 to 5 lm. In the H6 steel, the cleavage crack propagation path is long due to the high volume fraction of GB and the coarse effective grain size of 15.5 lm. This result confirms the close relation between the unit cleavage crack path, effective grain size, and the low-temperature impact toughness.
